ABSTRACT: Sequence comparisons of the genomes of white spot syndrome virus (WSSV) strains have identified regions containing variable-length insertions/deletions (i.e. indels). Indel-I and Indel-II, positioned between open reading frames (ORFs) 14/15 and 23/24, respectively, are the largest and the most variable. Here we examined the nature of these 2 indel regions in 313 WSSVinfected Penaeus monodon shrimp collected between 2006 and 2009 from 76 aquaculture ponds in the Mekong Delta region of Vietnam. In the Indel-I region, 2 WSSV genotypes with deletions of either 5950 or 6031 bp in length compared with that of a reference strain from Thailand (WSSV-TH-96-II) were detected. In the Indel-II region, 4 WSSV genotypes with deletions of 8539, 10 970, 11 049 or 11 866 bp in length compared with that of a reference strain from Taiwan (WSSV-TW) were detected, and the 8539 and 10 970 bp genotypes predominated. Indel-II variants with longer deletions were found to correlate statistically with WSSV-diseased shrimp originating from more intensive farming systems. Like Indel-I lengths, Indel-II lengths also varied based on the Mekong Delta province from which farmed shrimp were collected.
INTRODUCTION
White spot syndrome virus (WSSV) is one of the most widely distributed of all known viruses of aquatic crustaceans. The first outbreaks of white spot disease (WSD) were reported in 1992 in Taiwan and China (Chou et al. 1995 , Huang et al. 1995 . The disease quickly spread to Japan and Korea (Inouye et al. 1994 , Kim et al. 1998 , then to countries throughout southeast Asia and the Indian continent as well as to Central and South America (Escobedo-Bonilla et al. 2008) . Recently, WSSV has been detected in shrimp farmed in southeast Europe and the Middle East (OIE 2009 , Lightner 2011 . Comparisons of WSSV strains examined at different times from different geographical locations have revealed similarities in disease symptoms and histopathology (Flegel 1997 , Wang et al. 1999 , Leu et al. 2009 ), but differences in virus morphology (Leu et al. 2009 ), genome structure (Marks et al. 2004 , Shekar et al. 2005 ) and virulence (Marks et al. 2005 , Zwart et al. 2010 . Except for 2 genome regions in which major insertions/deletions (indels) occur, 9 regions containing homologous repeats and 3 regions containing variable-number tandem re peat (VNTR) sequences, the genome nucleotide se quen ces of different WSSV strains are highly (> 99.5%) conserved (Nadala & Loh 1998 , Marks et al. 2004 .
The 2 major genomic indels are located between open reading frames (ORFs) 14/15 (Indel-I) and 23/24 (Indel-II) of the sequenced Thai strain WSSV-TH-96-I (van Hulten et al. 2001 , Marks et al. 2004 . Compared with another sequenced Thai strain (WSSV-TH-96-II), WSSV-TH-96-I has a 5.3 kb deletion in Indel-I (Marks et al. 2005 ) and differs from a strain from Taiwan (WSSV-TW) by possessing a 13.2 kb deletion in Indel-II (Marks et al. 2004) . Sequence analyses of these 2 indel regions in other Asian WSSV strains have identified intermediatelength deletions (Dieu et al. 2004 , Zwart et al. 2010 . For example, WSSV strains from China contain shorter Indel-II deletions (1168 to 5928 bp) compared with WSSV-TW, while strains from Vietnam contain a medium-length Indel-II deletion (~8539 bp) not yet found in strains examined from other geographic regions (Dieu et al. 2004 ; see also Yang et al. 2001 , Lan et al. 2002 , Tan & Shi 2011 .
Indel-I and Indel-II regions are now being used as molecular markers to study WSSV epidemiology (Dieu et al. 2004 , Zwart et al. 2010 , and Indel-II is proving to be particularly useful for examining the spatiotemporal spread of WSSV at regional (Dieu et al. 2010 ) and intercontinental levels (Zwart et al. 2010) . Data on Indel-II support a hypothesis that all WSSV strains affecting farmed shrimp have a recent common ancestor. This virus presumably circulated in China or Taiwan before spreading to shrimp farms in Vietnam, from there to Thailand (Dieu et al. 2004) and from there to India (Pradeep et al. 2008a ) and other Asian countries (Zwart et al. 2010) . However, as a WSSV strain originating from Thailand in 1996 (WSSV-TH-96-II) possesses the longest genome of all strains characterized to date (Marks et al. 2005) , it is possible that WSSV might have been introduced initially into China and/or Taiwan through imports of live shrimp from Thailand.
VNTRs have been used to study WSSV epidemiology in different crustacean hosts at small (farm or pond) spatiotemporal scales (Wongteerasupaya et al. 2003 , Hoa et al. 2005 , Pradeep et al. 2008b ) to detect mixed WSSV infections in shrimp (Hoa et al. 2011a) and to examine WSSV transmission within and be tween aquaculture ponds (Pradeep et al. 2008b , Walker et al. 2011 . Data on VNTRs in conjunction with epidemiological models have also been used to quantify different transmission routes of WSSV within and between farm ponds (Hoa et al. 2011b) .
In a preliminary longitudinal study of WSSV genotypes affecting farmed shrimp, the Indel-II region was useful for tracking genotypes over time (Dieu et al. 2011) . WSSV genome lengths estimated from analyses of Indel-I and Indel-II lengths suggest that genome shrinkage rates since 1992 are decreasing over time (Zwart et al. 2010) . While increased Indel-I and Indel-II deletion lengths have been associated with increased WSSV virulence (Marks et al. 2005 , Zwart et al. 2010 , an early study reported reduced virulence with increased Indel-II deletion lengths (Lan et al. 2002) .
Here we report on a spatiotemporal study examining Indel-I and Indel-II deletion lengths in WSSV strains detected in Penaeus monodon shrimp collected between 2006 and 2009 from different farm types in 2 regions of the Mekong Delta in Vietnam. The data associated increased Indel-II deletion lengths with WSSV disease and thus with higher intensity farming systems from which most diseased shrimp were collected over the study period.
MATERIALS AND METHODS

Shrimp samples and classification of farming system
In total, 313 WSSV-infected Penaeus monodon collected from 35 aquaculture ponds in Bac Lieu province and 41 ponds in Ca Mau province, Mekong Delta, Vietnam, in 2006 Vietnam, in , 2008 Vietnam, in and 2009 were examined. Shrimp were sampled either at time of stocking (n = 140) or at the time of disease outbreaks when ponds were emergency harvested (n = 173). Whole shrimp were stored either in 100% ethanol at room temperature or in liquid nitrogen before being transferred to −80°C.
Farm management systems from which shrimp were collected were classified as either improvedextensive, rice-shrimp or semi-intensive. Improvedextensive farms primarily recruit wild Penaeus monodon postlarvae (PL) and juveniles, but sometimes supplement these with PL from hatcheries. Riceshrimp farms tend to be stocked at low densities (0.5 to 2 PL m −2 ), have shrimp at different developmental stages, use little or no feed and only operate during the dry season when paddies are not being used to grow rice. Semi-intensive farms tend to use aerated ponds that are drained and cleaned before stocking, hatchery PL seeded at higher stocking densities (12 to 20 PL m −2 ) and industrial shrimp feed. Shrimp were sampled from 41 improved-extensive ponds (37 in Ca Mau province and 4 in Bac Lieu province), 27 semi-intensive ponds (4 in Ca Mau and 23 in Bac Lieu) and 8 rice-shrimp plots (all in Bac Lieu). The farming systems from which shrimp were sampled in Ca Mau and Bac Lieu provinces were quite distinct (χ 2 = 227.40, df = 2, p < 0.001) ( Table 1 ). In reality there are also differences in the farm systems used in these 2 provinces; there are relatively more semiintensive ponds and rice-shrimp plots in Bac Lieu than in Ca Mau, and relatively fewer improved-extensive ponds in Bac Lieu than in Ca Mau (Anonymous 2009).
WSSV PCR
WSSV DNA was extracted from gill tissues and amplified by 2-step PCR using the IQ2000™ WSSV kit (GeneReach Biotechnology) according to the manufacturer's instructions. The primer sets were designed to amplify WSSV-specific products 296 and/or 550 bp in length, as well as an 848 bp crustacean-specific product to confirm the integrity of the DNA.
PCR amplification across WSSV indels
WSSV Indel-I and Indel-II regions were amplified by PCR using the primer sets VR14/15-screen, VR23/24-screen, VR23/24-1 and VR23/24-south (adapted from Dieu et al. 2004 Dieu et al. , 2010 ) and 14/15-complete (adapted from Marks et al. 2005) (Table 2) . Approximate 200 ng DNA was amplified in a 25 µl reaction containing PCR master mix (Promega) using the thermal cycling conditions of 94°C for 5 min, 30 cycles of 94°C for 30 s, 49 to 55°C (primer dependent) for 30 s and 72°C for up to 7 min depending on the expected amplicon length. PCR products were resolved in 1% agarose gels beside a 100 bp Plus DNA marker (Fermentas).
PCR product sequence analysis
Representative PCR products were sequenced to confirm that indel lengths had been estimated accurately. PCR products were purified by using the GFX PCR DNA and Gel Band Purification kit (GE Healthcare) and sequenced by Macrogen (Seoul, South Korea). Sequence chromatograms were examined by using Chromas v. 1.45 and edited with BioEdit 7.0.9 (Hall 1999) . BLASTn was used to align Indel-I and Indel-II sequences to the reference WSSV strains WSSV-TH-96-II (AY753327) and WSSV-TW (AF -440570) as well as to other available WSSV sequences (AF369029, AF332093). 
Statistical analysis
Indel lengths were coded as small (5950 bp for Indel-I and 8539 bp for Indel-II) or large (6031 bp for Indel-I and 10 970-11 866 bp for Indel-II). A 2 × 2 contingency table was constructed by counting the numbers of each WSSV indel type with disease status or sampling location of each shrimp, and a 2 × 3 contingency table was constructed by counting the numbers of each WSSV indel types and the farming system from which each shrimp was collected. The relationship between farming system or disease status and Indel-I or Indel-II type detected was quantified by using Pearson's chi-squared test. All probability tests were right sided with a significance level of 0.05.
RESULTS
WSSV Indel-I variants in shrimp from Ca Mau and Bac Lieu provinces
WSSV ORF 14/15 Indel-I lengths were determined for 313 shrimp that tested positive in the WSSV IQ2000™ PCR (Fig. 1) . Among the 2 Indel-I PCR primer sets used, set VR14/15-screen amplified products for 159 of 214 samples tested and set 14/15-complete amplified products for 15 of 38 samples tested. Sequence analyses confirmed that products amplified by either primer set represented 5950 or 6031 bp deletion types ( Fig. 2A ) compared with the reference strain containing the maximum-length indel sequence, Thai strain WSSV-TH-96-II (Dieu et al. 2004 , Marks et al. 2004 . Statistical analyses determined that neither Indel-I deletion type was correlated with the improved-extensive, rice-shrimp or semiintensive farming system from which the shrimp originated (χ 2 = 2.38, df = 2, p = 0.305), or whether shrimp were healthy or diseased (χ 2 = 0.85, df = 1, p = 0.358), but that Indel-I types segregated based on the Ca Mau or Bac Lieu provinces from which shrimp were collected (χ 2 = 13.15, df = 1, p < 0.001) (see Table 6 ).
WSSV Indel-II variants in shrimp from Ca Mau and Bac Lieu provinces
The various PCR primer sets used were only able to determine ORF 23/24 Indel-II lengths for 206 of the 313 WSSV-positive samples tested. For the others, either no PCR product was amplified or multiple PCR products were amplified that could not be distinguished clearly. PCR primer set VR23/24-screen failed to amplify a product of the expected size (548 bp; Dieu et al. 2004 ) from any WSSV-positive shrimp. Set VR23/24-1 amplified a ~2.3 kb product from 109 of 216 shrimp that was confirmed by sequence analysis to contain a 8539 bp deletion (Indel-II nucleotide region 5793-14 332) compared with the reference strain containing the maximumlength indel sequence, Taiwanese strain WSSV-TW (Marks et al. 2004) . Of 119 samples amplified by using primer set VR23/24-south, 97 generated products either ~400 and/or ~1200 bp in length (Fig. 1 ). These were confirmed by sequence analysis to possess Indel-II deletions 11 866 bp (n = 4), 10 970 bp (n = 70) or both (n = 22) (Indel-II nucleotide regions 2704-14 570 or 3372-14 342), or 11 049 bp (n = 1) (Indel-II nucleotide region 3387-14 436) in length compared with WSSV-TW (Table 3) .
Of the putative proteins encoded within the 13 kb Indel-II region of WSSV-TW, two (wssv006 and wssv -025) are retained even in those genotypes identified to contain the longest (11 866 bp) deletion (Table 4 , Fig. 2B ). These ORFs reside adjacent to an essential early viral gene, wssv004 (Han et al. 2007 ) and do not exist in the virulent Thai strain WSSV-TH-96-I or other Asian strains detected more recently in WSSVdiseased shrimp (Zwart et al. 2010) . Characteristics of WSSV proteins in this region predicted from in silico analyses, including nonessential transmembrane protein wsv479 that can be found in virions (Yang et al. 2001) , are summarized in Table 4 . Contingency tables were constructed to determine whether Indel-II deletion type might correlate with WSSV disease status, farming system and farm location. However, as (1) farming systems used in the 2 Mekong Delta provinces studied vary in number (Anonymous 2009), (2) emergency harvests owing to WSSV disease outbreaks will mostly occur in more stringently managed semi-intensive farm systems and (3) samples were not collected specifically to examine these variables, correlations among them or to Indel-II types need to be interpreted with caution at best. Of the 313 WSSV PCR-positive shrimp examined, 173 were collected from 33 ponds at the time of stocking when there was no evidence of disease and 140 shrimp were collected from 43 ponds at times of emergency harvesting owing to outbreaks of WSSV disease. Of the Indel-II types detected in 206 of these 313 shrimp (Table 5) , the 10 970 bp deletion was detected in 65 of the 159 (41%) diseased shrimp and in 5 of the 47 (11%) healthy shrimp. When grouped into either shorter (8539 bp) or longer Indel-II deletion (10 970-11 866 bp) types, a 2 × 2 contingency table showed longer deletion types to be correlated significantly with WSSV disease (χ 2 = 5.63, df = 1, p = 0.018) ( Table 6) .
Indel-II deletion types were assessed similarly as to whether shrimp had originated from rice-shrimp plots (n = 37), improved-extensive ponds (n = 74) or semi-intensive ponds (n = 95) ( from improved-extensive ponds and in 9 of the 95 (10%) shrimp from semi-intensive ponds. Construction of a 2 × 3 contingency table showed that the shortest (8539 bp) Indel-II deletion type was correlated significantly with shrimp sampled from improved-extensive ponds and rice-shrimp plots (χ 2 = 73.06, df = 2, p < 0.001) ( Table 6 ). The 8539 bp Indel-II deletion was detected in 61 of the 80 (76%) shrimp collected from Ca Mau province and 48 of the 126 (38%) collected from Bac Lieu province. In contrast, the 10 970 bp Indel-II deletion was detected in 63 of the 126 (50%) shrimp from Bac Lieu province but only 7 of the 80 (9%) shrimp from Ca Mau pro vince. A 2 × 2 contingency table constructed with these data showed Indel-II types to differ significantly based on the province from which shrimp were collected (χ 2 = 28.59, df = 1, p < 0.001) ( Table 6 ).
DISCUSSION
Genomic indels and VNTR sequences are being used increasingly as epidemiological tools to predict disease and trace the spread of WSSV to different shrimp farming regions within and beyond Asia, including the western hemisphere (Dieu et al. 2004 , Pradeep et al. 2008a , Muller et al. 2010 . For example, certain repeat structures in ORF 125 and particularly in ORF 94 have been found to correlate with disease outbreaks (Dieu et al. 2011 , Hoa et al. 2011b . Although no specific repeat unit (RU) numbers have been associated with particular farming systems (Hoa et al. 2012) , WSSV types in shrimp reared in extensive systems appear to remain more stable than in shrimp reared in semi-intensive systems (Dieu et al. 2011 , Hoa et al. 2011b . These findings may contribute to our understanding of how WSSV population structures influence disease.
To examine whether different WSSV indel variants might correlate with disease status, location and system used to farm Penaeus monodon in the Mekong Delta region of Vietnam, shrimp were sampled over a 3 yr period at times of pond stocking and when they were emergency harvested owing to WSSV disease occurring. For Indel-I within the WSSV ORF 14/15 region, deletions of 5950 or 6031 bp were detected as found previously among WSSV strains infecting shrimp farmed in central and southern regions of Vietnam (Dieu et al. 2004 Table 3 . Indel-I and Indel-II deletion lengths identified among WSSV strains analyzed here and in other studies. Numbers in bold text indicate deletion lengths found both here and in other studies. Indel-I values are compared with WSSV-TH-96-II sequence (AY753327); Indel-II values are compared with WSSV-TW sequence (AF440570). nd: not determined or no PCR product amplified tem or to be useful for distinguishing strain characteristics at regional (Dieu et al. 2010 ) and intercontinental (Zwart et al. 2010) scales. While the 2 Indel-I types did segregate to either the Ca Mau or Bac Lieu provinces from which shrimp were collected in the Mekong Delta, as nothing is known about the origin of PL seeded into semi-intensive or the other pond types, and as farming systems from which shrimp were sampled from the 2 pro vinces differed substantially, the significance of this putative geographic segregation of WSSV strains based on Indel-I type will need to be investigated more thoroughly. For Indel-II in the WSSV ORF 23/24 region, 4 deletion types were detected as found previously among Penaeus monodon shrimp examined from northern, central and southern regions of Vietnam (Dieu et al. 2004 , Zwart et al. 2010 . In these studies, WSSV strains with the 11 049 bp deletion type were found in shrimp farmed in northern Vietnam and the 10 970 and 11 866 bp deletion types were found in shrimp farmed in southern Vietnam. The 10 970 bp deletion type, which was found in the present study at high frequency, has also been detected in WSSV strains infecting P. monodon shrimp in India (Pradeep et al. 2008a ). The 8539 bp deletion type found previously in WSSV strains infecting shrimp farmed in central Vietnam (Dieu et al. 2010 ) was the most common type detected in the present study among shrimp (Dieu et al. 2004 , Marks et al. 2004 , Pradeep et al. 2008a , Tan et al. 2009 , Zwart et al. 2010 , Tan & Shi 2011 . While these studies have relied generally on WSSV genotyping data on relatively small numbers of shrimp, often sourced from distant locations, in this study WSSV strains were examined from a large number of shrimp collected over a 3 yr period from many farms widely spread across 2 neighboring provinces in the Mekong Delta. Variations in Indel-I and Indel-II types were limited and stable temporally, suggesting WSSV genotypes predominating in this region could have been determined quite accurately from far fewer samples. However, owing to the large number of samples examined, existing PCR primer sets were used, and based on the finding that these primer sets failed to amplify a product for samples that tested positive in the robust commercial IQ2000 PCR for diagnosing WSSV infection, it is possible that these primer sets limited detections to those Indel-I and Indel-II reported previously.
Univariate tests were undertaken with Indel-I and Indel-II types detected across the limited number of WSSV-infected shrimp that genotyped successfully to identify whether these might correlate with disease status, farming system and farm location. However, as different farming systems predominate in the 2 provinces studied and as emergency harvests owing to WSSV disease occur predominantly at semiintensive farms (Hoa et al. 2011a,b) , where most dis- eased samples examined in this study originated from, the pertinence of these correlations need to be viewed with caution. Indel-I and Indel-II types segregated based on province, in a way that was similar to that found with Indel-II types of WSSV strains detected in shrimp from northern, central and southern regions of Vietnam (Dieu et al. 2010) ; although, to be completely consistent with this, only Indel-II variants with larger deletions would have been expected to be detected. Another major limitation of the sample set was that healthy shrimp were collected only as PL or juveniles at pond stocking, and diseased shrimp were collected from emergency harvested ponds. This sampling regime is likely to have biased correlations of disease with Indel-I and Indel-II deletion types, as few diseased shrimp originated from improved-extensive ponds, as shrimp were primarily sampled from these ponds at the time of stocking when they were healthy. The 10 970 bp Indel-II deletion was correlated most strongly with disease, followed by the 8539 bp Indel-II deletion, although this deletion type was also detected commonly in healthy PL and juveniles sampled when ponds were stocked. Such correlations concur with previous evidence of specific WSSV genotypes associating with disease (Hoa et al. 2005 , Musthaq et al. 2006 ) and with WSSV strains with shorter genomes being more virulent (Marks et al. 2005 , Pradeep et al. 2009 , Zwart et al. 2010 ). However, why WSSV strains with longer Indel-II deletions seem to cause or result from disease remains to be elucidated.
Short Indel-II deletions were found most frequently among WSSV strains detected in healthy shrimp sampled when improved-extensive ponds and riceshrimp plots were stocked. In contrast, longer WSSV Indel-II deletions were found most frequently in healthy shrimp sampled when semi-intensive ponds were stocked. Shrimp continually inhabit improvedextensive ponds that are never drained, and in riceshrimp plots, shrimp are present throughout the dry season. It is possible, therefore, that low virulence WSSV variants can persist in these shrimp populations (Dieu et al. 2011) , which might lead to higher frequencies of mixed-genotype infections (Hoa et al. 2011a) . In contrast, in semi-intensive farming systems, the high densities of shrimp probably promote transmission, stress and more virulent WSSV variants causing disease outbreaks. Moreover, the relatively short crop durations interspersed by pond draining and cleaning provide no opportunities for shrimp subpopulations to persist, and thus no advantage to WSSV for persisting in such stocks (Dieu et al. 2011) . While these factors could explain why more virulent WSSV strains with longer Indel-II deletions and shorter overall genomes (Zwart et al. 2010) were found more frequently in semi-intensive ponds systems, no data were collected on the hatchery sources of PL, which might also influence what genotypes were detected. In any case, our data support those of other studies in which farming practices have been found to influence the risk of disease (Joffre & Bosma 2009 ) and what WSSV genotypes exist in the shrimp (Dieu et al. 2011) .
Examining WSSV Indel-I and Indel-II types in a large number of healthy and diseased shrimp collected over a 3 yr period from various farm types in 2 provinces in the Mekong Delta found that Indel-I types have little epidemiological value, but longer Indel-II deletions correlated significantly with diseased shrimp that were emergency harvested at semi-intensive farms. 
